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Abstract

Lignin is one of the most common naturally occurring macromolecules. It is

associated with cellulose and hemicelluloses in terrestrial plants, providing

mechanical stiffness and contributing to moisture control and defense toward

insects and fungi. Lignin is typically a polymer of three different cinnamyl

alcohols, para-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, which

varies with the plant species. Solubilized lignin from the kraft pulping process

is mainly concentrated and burned as part of the liquor recovery cycle in the

kraft pulping. Given its aromatic nature, other uses of lignin include the devel-

opment of platform chemicals, polymers, and fuels. This work uses lignin to

develop carbon fibers to act as supercapacitors. Lignin microfibers were pro-

duced using an electrospinning process, carbonized under an inert atmo-

sphere, and activated to increase surface area and improve capacitance. The

activation process is shown to improve the specific capacitance of the material.

In addition to activation, nanocrystals were grown on the surface of the carbon

microfibers as these nanocrystals have been shown to improve the specific

capacitance. When both surface modifications are performed to the lignin-

based carbon fiber, it improves the specific capacitance retention regarding

scan rate increase during cyclic voltammetry. The specific capacitance for

the carbon fiber, activated carbon fiber, Ni(OH)2 carbon fiber, and Ni(OH)2
activated carbon fiber at 10 mV/s are 189, 206, 10, and 103 F/g.
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1 | INTRODUCTION

Supercapacitors are electrochemical devices that bridge
traditional batteries and capacitors by providing better
power density than a battery and energy density than a
capacitor. As a result, supercapacitors can charge more
quickly than a battery and discharge over a greater period

of time than a capacitor. Among the different types of
supercapacitors, the electrical double-layered capacitor
uses high surface area materials, such as carbon fibers, as
electrodes.1,2

Carbon fiber is known for its low density and high
strength making it a valuable material for developing
composites.3,4 These properties are the reason why there
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is a large demand for the material as well as the market
size increasing yearly.5 However, 90% of the carbon fiber
produced worldwide utilizes polyacrylonitrile (PAN),
a non-renewable material, as its precursor.6 With the
increasing concern on the use of non-renewable mate-
rials, research has expanded to find alternative sources
for current materials. One such alternative source of
carbon fiber is lignin.7,8

Lignin is one of the most common naturally occur-
ring polymers, second only to cellulose.9 It is a phenyl-
propanoid polymer, typically composed of three different
monomers: p-coumaryl alcohol, coniferyl alcohol, and
sinapyl alcohol.10 Figure 1 shows the three different
monomers that make up lignin.

The monomer composition of lignin changes based
on the source of lignin. For example, angiosperm-based
lignin is made of coniferyl alcohol and sinapyl alcohol;
the ratios vary with species, while lignin from gymno-
sperms is made primarily of coniferyl alcohol.11 In addi-
tion to differences based on the plant species, differences
in the method by which lignin is isolated will also alter
its properties. Some examples of isolated lignin include
kraft lignin, alkaline lignin, and organosolv lignin.12–14

The alkaline lignin that is utilized in this paper was
produced from sulfite lignin made from both angiosperm
and gymnosperm trees. The sulfite lignin is dealkylated
to partially remove the sulfur present before being treated
again to increase its pH. This process makes the lignin
water-soluble.15

Lignin has several practical applications that have been
extensively examined, such as the production of vanillin,
which is used as a flavoring agent, phenolic resins, or
composites.16–18 Lignin has also been reported as an eco-
nomical, renewable carbon fiber precursor. Nippon Kayako
Co. utilized lignosulphonates to produce carbon fiber on a
commercial scale while reducing CO2 emissions of the refin-
ery plant.16 Sudo et al. showed that steam-exploded lignin
could have its aliphatic groups removed to produce mechan-
ically strong carbon fiber.19 Kubo et al. used lignin and a
variety of synthetic polymers to extrude lignin fibers that

were then carbonized.20 Mainka et al. analyzed lignin-based
carbon fibers for their potential use in the automotive
industry.21

Among the methods for utilizing lignin fibers as a
precursor for carbon fibers, the electrospinning process is
one of the most novel.22 This process uses a high voltage
difference between a polymeric solution and a collection
plate to produce nanofibers and microfibers. Electrospin-
ning has been used to make fibers from several different
polymers, such as polylactic acid, polycaprolactone, and
polyethylene oxide.23–26 In this technique, an electrically
charged polymeric solution is collected at an oppositely
charged metal plate, causing the solvent to be removed
resulting in fibers being produced.23

One of the benefits of these carbon fibers is that they
have a high surface area. The increased surface area corre-
sponds with a good specific capacitance of the fiber. Specific
capacitance is the intrinsic capacitance of a material, and
capacitance is the ability of a material to hold a charge.27

In order to improve the specific capacitance of the
material, there are various methods to increase the surface
area. This is important as there is a correlation between
increasing the surface area of a material and the specific
capacitance.28 One such method is called activation, which
is known to improve the specific capacitance of carbon
fiber through the increase in the surface area through
either a physical or chemical processes.29,30 In addition to
activation, surface properties can be improved by growing
nickel hydroxide Ni(OH)2 crystals into fibers.31

In the literature, lignin nanofibers that have been pro-
duced using the electrospinning process have successfully
been carbonized to form carbon nanofibers with excellent
properties for electrochemical applications.22,32,33 How-
ever, these electrochemical properties can be further
improved through the previously mentioned methods.

This work will show that carbonizing electrospun lignin
microfibers can produce electrochemical capacitors. In addi-
tion, this work will show how combining different surface
modifications will improve not only specific capacitance,
but also how the specific capacitance retention is improved

FIGURE 1 Lignin precursors. (a) p-

coumaryl alcohol; (b) coniferyl alcohol;

(c) sinapyl alcohol. [Color figure can be viewed

at wileyonlinelibrary.com]
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with the increase of scanning rates for this renewable form
of carbon fiber. The material that is produced could become
a potential source of renewable carbon fiber with the poten-
tial of surface modification for supercapacitors replacing tra-
ditional materials on the market.

2 | MATERIALS AND METHODS

Alkaline lignin was purchased from Tokyo Chemical
Industry. Sodium hydroxide and potassium hydroxide
were acquired from VWR, polyethylene oxide (M.W.
400,000) was purchased from Scientific Polymer Produc-
tions, Inc., nickel(II) nitrate hexahydrate was purchased
from Alfa Aesar, ethyl alcohol 200 proof was bought from
Pharmaco-Aaper, nickel foam was purchased from KUN-
HEWUHUA, and urea was provided Auburn University
College of Agriculture who had acquired it from Pied-
mont Fertilizer Company.

2.1 | Electrospinning

A solution was made with 25 mL of distilled water, 2.5 g
of alkaline lignin, 0.278 g of polyethylene oxide (PEO),
and 0.75 g of sodium hydroxide (NaOH). This solution
was based on a method reported by Hu et al.22 The solu-
tion is added to a 10 mL syringe with a 21-gauge flat tip

FIGURE 2 Electrospinning setup. [Color

figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Final electrospinning parameters.

Parameters Value

Voltage 14 kV

Flow Rate 1.0 mL/h

Distance 10 cm

FIGURE 3 Capacitor development. [Color figure can be

viewed at wileyonlinelibrary.com]

TABLE 2 Cyclic voltammetry parameters.

Parameters Values

Voltage difference �0.9 to 0.1 V

Scan rate 10, 20, 50, 100, 150, and 200 mV/s

Number of cycles 2

Mass 15.0 mg
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needle and is loaded into a syringe pump. A positive wire
was attached to the needle, and the ground was placed
on the metal plate, which acted as the collector. These
wires are connected to a high voltage generator. This
setup can be seen in Figure 2.

Table 1 shows the final parameters used during the
electrospinning process. These parameters were selected
by the quality of electrospun fiber produced as deter-
mined by a scanning electron microscopy (SEM) analysis
based on uniformity and lack of droplets present in the
fibers.

The lignin microfibers produced by electrospinning
were placed into a porcelain crucible and loaded into a
Thermo Scientific Lindberg Blue M tube furnace. Nitrogen
was used to purge the furnace to prevent atmospheric
oxygen from reacting with the lignin fibers. The furnace
was heated to 105�C at a rate of 10�C min�1 and was held
isothermally for 30 min. The temperature was then
increased to 850�C at a rate of 10�C min�1 and was held
isothermally for 30 min. The material was then allowed to

cool under ambient conditions. This process was based on
the work published by Hu et al.22

Activation of the carbon fibers produced in the previ-
ous step was accomplished by treating the carbon fibers
with a 1 M solution of potassium hydroxide. Next, the
fibers were heated in the furnace using the protocol

FIGURE 4 (a) Electrospun lignin microfibers; (b) carbonized

lignin microfibers.

FIGURE 5 (a) Activated carbon microfiber, (b) Ni(OH)2 non-

activated carbon microfiber, and (c) Ni(OH)2 activated carbon

microfiber.
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described in the previous paragraph for the initial
carbonization.

Samples of both activated and non-activated carbon
microfibers were treated in a solution consisting of 500 mg
of urea, 20 mL of water, 20 mL of ethanol, and 1.16 g of
Ni(NO3)2�6H2O. The beaker containing the fibers and treat-
ment solution was then placed in an oil bath at 70�C for
15 h, after which the fibers were dried in a VWR 1430 M
Vacuum Oven under 60 cm Hg vacuum at 60�C for 2 h.31

All forms of fibers produced during these experiments
were visually inspected by a Zeiss Evo 50 Scanning Elec-
tron Microscope with an electron high tension (EHT) of
20.0 kV; the samples were sputter-coated with gold nano-
particles under an argon atmosphere for the analysis.

A Brunauer–Emmett–Teller analysis (BET analysis) was
performed using an Anton Parr Autosorb IQ TPX to quan-
tify the samples surface area and pore volume of all carbon
fiber samples. The samples were loaded into a glass adsorp-
tion cell in the BET and degassed at 200�C for 19 h under
75.995 cm Hg vacuum, after which the enclosure was back-
filled with helium until the analysis was performed. The
samples underwent a standard N2 adsorption test at 77 K.
The total pore volume was calculated by the last data point
during the adsorption portion of the test. The surface area
is calculated between 0.05 and 0.3 P/Po. The adsorption por-
tion of the test calculated pore surface area. The ASiQwin
program, which is provided by Anton Parr, was used for
the purpose of analyzing the BET data.

2.2 | Specimen preparation

Capacitors were developed from each carbon fiber sam-
ple by placing the carbon fiber onto the bottom of a rect-
angular piece of nickel foam. The foam and carbon fiber
were then placed between two metal plates covered with
Teflon to prevent sticking and placed onto a hydraulic
press that applied 1 ton-force onto the plates, causing a
physical attachment between the carbon fiber and the
nickel foam. Lastly, copper tape is applied to the end of
the nickel foam opposite of the carbon fiber for an alliga-
tor clip to be attached to the capacitor for testing.
Figure 3 shows the specimen prepared using this method.

2.3 | Cyclic voltammetry analysis

To calculate the specific capacitance, the capacitors were
loaded into a three-electrode cell. The electrolyte used was
6 M KOH, the reference electrode was a Hg/HgO electrode,
and the counter electrode was a platinum wire. The capaci-
tor acts as the working electrode. Cyclic voltammetry was
performed using a Gamry Instruments Interface 1000
Potentiostat/Galvanostat/ZRA with Gamry Framework to
operate the apparatus and Gamry Echem Analyst to ana-
lyze the data. Table 2 shows the parameters used in the
cyclic voltammetry test. These voltage differences were
determined through a prior experiment where the voltage
range was between �1 and 1 volt. The ranges shown in
Table 2 were selected as these were the ranges that had the
least amount of reduction–oxidation peaks from occurring
in the previous experiment, as evident due to the lack of
peaks present in the cyclic voltammetry graphs is undesir-
able in supercapacitors. This process is based on a proce-
dure reported by Denmark et al.34

After the cyclic voltammetry test, the data was plotted
using Origin 2019 64 bit. To determine the specific capac-
itance of a given capacitor, the mathematical integral of
one cycle was taken, and Equation (1) was used to calcu-
late the specific capacitance.35

Specific Capcitance¼

Z V2

V1

IdV

ν�m�ΔVð Þ ð1Þ

V = Voltage; I = Amperage; ν = scan rate;
m = mass.

3 | RESULTS AND DISCUSSION

3.1 | Fiber production

The electrospinning of the lignin-based solution was suc-
cessful in producing microfibers. Figure 4 shows the SEM
images of the resulting fibers before carbonization and
after carbonization. These fibers are nonwoven and have

TABLE 3 Surface area and pore volume of carbon fiber.

Sample
Surface
area (m2 g�1)

Pore surface
area (m2 g�1)

Pore
diameter (nm)

Total pore
volume (cm3 g�1)

Base carbon fiber 474.386 60.590 3.421 3.645*10�1

Ni(OH)2 carbon fiber 156.239 49.728 3.132 2.064*10�1

Activated carbon fiber 795.392 306.20 2.970 7.436*10�1

Ni(OH)2 activated carbon fiber 2156.23 1226.1 3.938 2.562*10�0
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diameters of 1.18 ± 0.42 and 1.79 ± 1.05 μm, respectively.
It can be seen that after carbonization, the fibrous mor-
phology is retained.

Based on the images in Figure 5, the different treat-
ments have substantially modified the surfaces of the
fibers. For the activated fibers, the roughness of the fibers
has increased based on a visual inspection.36 In addition to
the activation, the effect of Ni(OH)2 addition can be seen
with the crystalline growth on the fibers, as confirmed by
the SEM. The fiber diameters remain similar to the previ-
ous two samples with the average fiber diameter being
1.14 ± 0.74, 0.849 ± 0.58, and 1.49 ± 0.62 μm for activated
carbon fiber, Ni(OH)2 carbon fiber, and Ni(OH)2 activated
carbon fiber, respectively. All samples were continuous,
nonwoven fabrics before carbonization as well as after car-
bonization and the two different surface treatments.

Table 3 shows the surface area, pore surface area, and
pore volume for the different carbon fibers collected from
the BET analysis performed on our samples.

From the analysis, the base carbon fibers have a high
surface area. The surface decreased, along with the pore
surface area and total pore volume, with the Ni(OH)2
addition. The Ni(OH)2 crystal growth is causing the
smoother surface, which would reduce the surface area,
pore surface area, and pore volume. However, upon acti-
vation of the base carbon fiber, there is an increase in all
three results. Due to the activated carbon fiber having
more nucleation sites for the Ni(OH)2 growth compared
to the base carbon fiber, the crystals to grow indepen-
dently and unevenly thus forming a rougher surface.

Cyclic voltammetry tests were performed on the
resulting capacitors, and the results can be observed in
Figure 6.

FIGURE 6 (a) Cyclic voltammetry of carbon fiber, (b) cyclic

voltammetry of activated carbon fiber, (c) cyclic voltammetry of

Ni(OH)2 carbon fiber, and (d) cyclic voltammetry of Ni(OH)2
activated carbon fiber. [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 7 The specific capacitance of base carbon fiber,

activated carbon fiber, Ni(OH)2 carbon fibers, and Ni(OH)2
activated carbon fibers. [Color figure can be viewed at

wileyonlinelibrary.com]
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It can be seen in Figure 6 that the different pretreat-
ments have a substantial effect on the electrochemical
properties of the resulting material. The base carbon fiber
shows poor capacitor-like behavior, as indicated by the
reduction–oxidation peaks present in the cyclic voltam-
metry graph. However, the reduction–oxidation peaks
are no longer present when the material is activated or
treated with Ni(OH)2. The significant difference between
these two samples is the charge that is built up in the
material, which is the area within the curve as defined by
Equation (1).35 The sample that shows the best capacitor-
like behavior is the Ni(OH)2 activated carbon fiber. The
Ni(OH)2 activated carbon fiber is the most like an ideal
capacitor due to its rectangular-like shape, as the theoret-
ical ideal capacitor would appear as a rectangle in a cyclic
voltammetry test.37

Utilizing Equation (1), each of the cyclic voltammetry
graphs was analyzed to produce the specific capacitance
of each sample for each scan rate at which they were
tested. The specific capacitance results can be seen in
Figure 7.

The data shows the change in cyclic voltammetry
based on the different pretreatments. The highest specific
capacitance that was observed was from the activated
carbon fiber, which had a specific capacitance of 206 F/g
at 10 mV/s, with the base carbon fiber at 189 F/g at
10 mV/s.

The Ni(OH)2 carbon fiber had the worst perfor-
mance out of the four samples, with the lowest specific
capacitance at every scan rate tested. This was not
predicted initially as Ni(OH)2 has improved specific
capacitance, as shown by Zhang et al.31 Therefore, it is
proposed that the non-activated Ni(OH)2 carbon fibers
were covered by Ni(OH)2 as evidenced by the reduction
of the pore surface area, which prevented surface
interaction between the electrolyte and the carbon
fiber, reducing the specific capacitance. This theory is
consistent with the BET results, which showed a reduc-
tion in the surface area, pore surface area, and total
pore volume.

Of the three modified samples, the activated carbon
fiber and the Ni(OH)2 activated carbon fiber showed
improvements over the base carbon fiber. At every scan
rate, the activated carbon fiber had a higher specific
capacitance than the base carbon fiber. The Ni(OH)2
activated carbon fiber had a higher specific capacitance
at every scan rate except for the 10 mV/s. Both samples
have differing advantages. When a lower scan rate was
used, the activated carbon fibers had a higher specific
capacitance. In contrast, at the higher 150 and 200 mV/s
scan rates, the Ni(OH)2 activated carbon fiber shows a
higher result. In addition, the Ni(OH)2 activated carbon
fiber showed better specific capacitance retention over

the various scan rates, with a 58.8% retention compared
to the activated carbon fiber 15.3% retention over the
various scan rates.

4 | CONCLUSIONS

Through electrospinning, lignin microfibers were success-
fully produced. These fibers served as the precursor for
carbon microfibers. These carbon fibers were subjected to
both an activation treatment to increase surface area and
the growth of Ni(OH)2 nanocrystals onto the fibers. The
activated and Ni(OH)2 activated carbon fiber showed
improvements compared to the base carbon fiber either
through improved specific capacitance or improved spe-
cific capacitance retention. This shows the different effects
of the various surface treatments and how combining the
different surface treatments can produce results that differ
from the individual surface treatments. By combining
the different surface treatments, the renewable carbon
fiber that was produced in this study can have its elec-
trochemical properties tailored to fit the desired proper-
ties; either a high specific capacitance at low scan rates,
or the ability to have a good specific capacitance over
various scan rates.
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